INTRODUCTION
Several species of cetaceans occur solely or partly in freshwater systems of South America (Amazon, Orinoco, Tocantins/Araguaia, Madeira), southern Asia (Indus, Ganges, Brahmaputra, Karnaphuli), South east Asia (Ayeyarwady, Mekong, Mahakam), and East Asia (Yangtze), and many of these populations are endangered. The Amazon River dolphin Inia geoffrensis is endemic to the 4 aforementioned South American river systems and was recently Red-Listed by the IUCN as Endangered (da Silva et al. 2018a ). The tucuxi Sotalia *Corresponding author: pthomas@mmc.gov ABSTRACT: Electrofishing is an accepted practice for legal fish sampling and surveying, but its use for subsistence food and market fishing has long been illegal in most countries. Illegal use affects freshwater fish populations in many parts of the world, and has been cited as a cause of mortality for endangered freshwater cetaceans in China (Yangtze dolphins and finless porpoises) and Southeast Asia (Ayeyarwady, Mekong, and Mahakam dolphins in Myanmar, Cambodia, and Indo nesia, respectively), although the extent of this threat to cetaceans is unclear. Given their threatened status, these populations can ill afford such mortality in addition to the other threats they face (e.g. entanglement in gillnets, habitat deterioration and loss, declines in prey). Here, we review the evidence that electrofishing is a serious threat to freshwater cetaceans. It may alter the behavior of dolphins and porpoises, and contact with electrical currents may even directly kill or injure these animals, although questions remain unanswered concerning the exact nature and scale of the impacts. While other threats may appear more certain and urgent, electrofishing could be playing a significant role in driving the declines of some critically endangered freshwater cetaceans in Asia. Due to ethical and logistical challenges to improving our understanding of the impacts of electrical currents on cetaceans, clear descriptions of lesions in dead animals found stranded are needed to characterize the damage caused by electrofishing, to be more certain about cause and effect beyond spatiotemporal associations, and to determine the extent of this threat. Mortality from electrofishing seems to be uncommon, but in face of the uncertainties and the numerous other threats to these small populations, high priority should be given to enforcing electrofishing bans in the freshwater habitat of dolphins and finless porpoises.
fluviatilis, which is endemic to the Amazon system, is currently listed as Data Deficient (Secchi 2012 ) but urgently needs reassessment as its conservation status has deteriorated rapidly in recent years, at least in Brazil (da Silva et al. 2018b ). The South Asian river dolphin Platanista gangetica is Endangered , with 2 subspecies (both Endangered): the bhulan P. g. minor in the Indus system and the susu P. g. gangetica in the Ganges, Brahmaputra, and Karnaphuli systems . The Irra waddy dolphin Orcaella brevirostris, an Endangered and primarily coastal marine species (Minton et al. 2017) , has 3 entirely freshwater subpopulations, all of them Red-Listed as Critically Endangered -one in the Ayeyarwady of Myanmar (Smith 2004) , one in the Mekong of Cambodia and Laos (Smith & Beasley 2004) , and one in the Mahakam of Indonesia (Jefferson et al. 2008) . Finally, 2 fresh water cetaceans historically inhabited the Yangtze River and adjoining Dongting and Poyang lakes. The Yangtze River dolphin, or baiji Lipotes vexillifer, continues to be RedListed as Critically Endangered (possibly Extinct), but it has been at least functionally extinct since the early 21 st century . The Yangtze finless porpoise, a subspecies of the En dan gered narrowridged finless porpoise Neophocaena asiaeorientalis , is Red-Listed as Critically Endangered (Wang et al. 2013) .
All freshwater cetaceans face numerous types and degrees of anthropogenic threats, and their threatened state is, in every case, due to multiple factors -the vast majority of which are being driven by human action, whether deliberate or incidental. The primary factors threatening their survival are direct injury and mortality in legal and illegal fisheries (e.g. entanglement in gear, deliberate retaliation to protect gear and catch from depredation); deliberate hunting to obtain fish bait (particularly for the Amazon River dolphin), and loss and fragmentation of cetacean and prey habitat due to water development projects (e.g. dams and barrages, embankments, conversion of wetlands). Additional threats in some areas include vessel traffic (e.g. dredging, noise, boat strikes), harbor construction (e.g. noise, land reclamation for infrastructure), and exposure to contaminants (e.g. from industrial effluent, urban and agricultural runoff, gold mining).
The focus of this paper is on a specific form of fishing -electrofishing -that has been characterized, but not well-documented or well-described, as a serious threat to some freshwater cetacean populations in Asia. Electrofishing has not (yet) been identified as a threat to freshwater cetaceans in South America (Secchi 2012 , da Silva et al. 2018a ).
Our objectives were four-fold: (1) to explain what electrofishing is and how it might be expected to affect cetaceans; (2) to summarize available evidence concerning mortality as well as responses of the animals to exposure; (3) to critically evaluate such evidence; and (4) to identify gaps in our understanding of how electrofishing threatens freshwater cetaceans.
INFORMATION SOURCES AND METHODS
Information on the mechanics and physics of electrofishing was obtained by requesting advice from experts on the subject who work (or worked) with the US Fish and Wildlife Service (Alan Temple and Jan Dean) and by reviewing manuals and publications on its use and the potential hazard it poses to mammals, including humans.
All the authors of this paper have field experience with freshwater cetaceans and have participated in con ferences, workshops, and informal discussions with fishermen, fishery managers, and government officials in the range countries. Some of us have ob served electrofishing in the vicinity of dolphins or porpoises, some have examined dead cetaceans that were thought to have died of electrocution, and some have seen electrofishing equipment deployed in areas inhabited by cetaceans. As a result, much of the information in this paper, as well as many of the ideas discussed and the conclusions reached, come from direct experience.
In addition, we canvassed colleagues in the various range countries to determine where electrofishing does and does not occur and to obtain as much detail as possible regarding spatial and temporal overlap with dolphins and porpoises. This included an initial informal questionnaire to researchers in Cambodia, Myanmar, Indonesia, and China to identify concerns, equipment used, and perspectives on the nature of effects of electrofishing on freshwater cetaceans. Wherever we found reference to mortality of cetaceans attributed to electrofishing in the literature or media outlets, we made an effort to follow this up with the original source or sources to learn more about the circumstances and how causation was diagnosed.
RESULTS

Electrofishing
What it means
Electrofishing is an important and commonly used tool that allows fish biologists to collect a variety of data in the field, e.g. to assess species composition, estimate populations and growth rates, and collect individual fish for analysis (Bohlin et al. 1989 , Snyder 2003 . Generally, legal electrofishing for scientific purposes is not intended to kill fish but to stun them so that they can be counted or so that individuals or samples can be collected. When used for fish sampling, the type, power, and form of the electrical current are adjusted, and the size and shape of anodes are designed to reduce or eliminate the likelihood of fish being injured or killed by the electrical current (Kolz 1989 ).
How it works
A basic manual (www.efish-solutions.com/ support/ library-intro/) describes electrofishing as: the process of using electricity to catch fish by creating an electrical-field through water, around an anode (usually on a hand-held pole or hanging from a boat) and cathode (trailing in the water behind the operator or boat). The electric-field between the 2 electrodes develops a voltage along the length of fish exposed to it, such that galvanotaxis stimulates their nervous system, and they swim 'up current' towards the anode (the source of the field). At a point approaching the source of the field, the fish enter a zone where the field is then of sufficient strength to temporarily immobilize them and thus aid in their capture.
Elec trofishing manuals define 3 primary zones of influence around the electrodes based on fish behavior and physiological/muscular response to electrical fields, the dimensions of which depend upon the voltage used and the conductivity of the environment. The 'zone of detection' (or 'perception') is the portion of the electrical field where the fish is aware of it but can move away; the 'effective zone' (for fish capture) is where fish may be forced to swim toward the electrode and become immobilized but are not harmed; and the 'injury zone' is where fish experience such high voltage gradients and power (and current) densities that they are injured or killed (J. Dean pers. comm.). Understanding these zones and the equipment and electrical currents used to create them provides the operational basis for capturing fish. For boat-mounted equipment, the effective zone typically has a radius of 2−3 m.
The voltages required to immobilize fish of different sizes and types have been carefully studied, although many details of the effects on fish are still uncertain. In general, larger fish (in terms of total body surface area) are more likely to be paralyzed or injured (spinal injuries from sudden muscular contractions), and thus are more easily captured than smaller ones, because larger size allows a larger voltage difference to develop across the body (Emery 1984 , Mahoney et al. 1993 , Dalbey et al. 1996 , Dolan & Miranda 2003 , Snyder 2003 . Thin-scaled and unscaled fishes, including large catfishes, are less resistant to electrical currents than are thick-scaled fishes (Green 2011).
Electrofishing gear is generally powered by DC batteries (carried in backpack units) or small generators on boats. The need for mobility usually limits the size of the power supply and the amount of power that can be applied in the water (Mahoney et al. 1993 , Reynolds & Harlan 2011 3.1.3. How it could affect cetaceans Cetaceans could be injured or killed directly by electrofishing when they come into (1) direct contact with the electrodes, thus becoming part of the electrical circuit or (2) contact with the electrical fields produced in the water by electrofishing devices. The impact of a given electrical field depends on the distance of an animal from the source and the nature of the field itself.
There is no question that direct contact with electrodes in water is potentially fatal for mammals of all sizes. For example, when an animal makes physical contact with a metal electrode, whether accidentally or deliberately (e.g. out of curiosity), it becomes 'directly "wired" to the power source and is subject to possible electrocution' (Kolz & Johnson 1995, p. 211) . Large-scale experiments with electric harpoons in the 1930s proved this in a dramatic manner with blue whales Balaenoptera musculus (Mitchell 1986 ). The prototypes used in field trials under the auspices of the Norwegian Association of Whaling Companies proved extremely effective, paralyzing the whales and causing them to roll over onto their sides with flippers and flukes above water. It reportedly did not matter where the whale was hit -the result was usually a rapid death. Although the 'killing current' was 220 V 50 Hz AC, resistance was so low that on average a potential of 20 V passing through the body was claimed to be sufficient for killing these large creatures.
Electrocution, cardio-respiratory failure, and drowning can also be the fate of fishermen who make mistakes when using electrofishing equipment (Di Nunno et al. 2003) . In descriptions of potential human injury from electrofishing it is often difficult to discern whether authors are referring to direct physical contact with electrical circuits or with electrical fields, but the vulnerability is clear, regardless. Reynolds & Kolz (2013, p. 337) , for example, confirmed that the batteries and generators used in electrofishing as practiced for scientific fish monitoring deliver 'more than enough energy to electrocute a person.' They note that grasping a wire carrying as little as 0.01 A can cause muscular tetany and inability to release one's grip, leading to death from respiratory arrest, asphyxia, or ventricular fibrillation. Primavesi (2009) emphasized that in human electrical injuries, skin thickness and moisture are crucial factors because skin resistance impedes current flow and protects against electrocution.
There is greater uncertainty about the harm that could come to freshwater cetaceans when they come into contact with the electrical fields in the water produced by electrofishing devices. Fish behavior and size, water conductivity and temperature, substrate, and current strength are among the well-studied variables that influence the effectiveness of electro fishing (Emery 1984 , Mahoney et al. 1993 ), but we have little knowledge of the be havioral, physiological, and neurological responses of cetaceans as they enter an electrically charged zone, or of the distances or voltages at which they would begin to detect it. Experienced electrofishing personnel reported that geese, ducks, beavers, muskrats, and nutrias did not appear to be 'inadvertently shocked at the power levels normally used for fish' (Kolz & Johnson 1995, p. 208) .
Pictures and descriptions of electrofishing equipment used by artisanal fishermen in the rivers and lakes of East and Southeast Asia do not suggest that the electrical outputs or effective distances produced would be of signi ficantly greater magnitude than those produced by standard devices used for legal fish sampling elsewhere. There is no evidence of tech nological difference, other than the power of the electrical source, that would significantly increase the power and range of influence of such basic equipment or change the basic behavior of electrical fields. This leads electrofishing experts to discount general statements such as 'the lethal electric charge was able to kill anything within a range of 20 meters…' (Turvey 2008, p. 39) , but the larger apparatus described as being used in the Yangtze River may have greater reach (A. Temple pers. comm.).
Sensitivity and response of freshwater cetaceans and other mammals to electrical fields
There are few descriptions of the behavior of small cetaceans or other aquatic mammals reacting to electrical fields. Research on dolphin electro-receptivity and pinniped deterrence indicates that some marine mammals can detect low-level electrical fields. Guiana dolphins Sotalia guianensis can easily detect lowlevel electrical fields produced by electric fish and have specialized sensory anatomy ('vibrissal crypts') for doing so (Czech-Damal et al. 2012) . Deterrence experiments on California sea lions Zalophus californianus (Burger 2008 ) and harbor seals Phoca vitulina (Forrest et al. 2009 ) showed that pinnipeds detect and are actively deterred from weak electrical fields in freshwater environments. An expert in electrofishing (A. Temple pers. comm.) suggested that if free-swimming dolphins have the ability to detect extremely low electrical field strengths, they should be able to avoid entering the 'effective' and 'injury' zones. This assumes that they recognize the low electrical field strengths as a danger, and that they are as resistant as pinnipeds to them. Cetacean skin, however, is less keratinized and hairless, potentially increasing the electrical conductance of this external barrier in comparison with other mammals (Harrison & Thurley 1974) .
Legal status of electrofishing
Electrofishing is banned or restricted in most of the rivers and lakes where freshwater cetaceans occur in Asia (Table 1) , but the economic incentives for its use are strong. In Cambodia, for example, legal fishing with a cast net (cost: USD $10−12) yielded a fisherman 6−7 kg of small fish, or $3−4 d −1 (Kurien 2007 ), whereas with a $30−40 investment in illegal electrofishing equipment, an unskilled and untrained person could catch 20−30 kg of large fish worth $10−13 d −1 and a skilled electro-fisherman could catch 30− 40 kg in a single haul (Kurien 2007) . The equipment for electro fishing is relatively inexpensive (and the battery can be used in the home for other purposes), little maintenance is required (unlike for nets, longlines, bamboo traps, and fishing fences which require constant repair), and relatively large catches can be made with little effort (Smith & Tun 2007) .
Illegal electrofishing gear
We have not found detailed technical descriptions of apparatus used for illegal electrofishing in the rivers of Asia, nor have we had the opportunity to examine such equipment, except through photos. Table 1 summarizes descriptions of electrofishing operations and apparatus that we found in fisheries reports and news accounts or obtained from the informal responses of researchers to our simple question naire.
Impacts of electrofishing
3.2.1. Impacts on prey species and the ecosystems of freshwater cetaceans
Like dynamite and poison fishing, electrofishing, if used without controls, is a potentially destructive and indiscriminate fishing method with lethal or sublethal impacts on both target and non-target species. The entire 'ecological footprint' of freshwater electro fishing falls outside established management regimes, catch limits, and other restrictions that might apply to legal fishing activity (Garcia et al. 2003 , Kreb et al. 2007 , Phen & Nam 2011 , FAO 2016 .
In China, Zhou et al. (1998) reported that electrofishing, though 'strictly banned by the fishery agency,' was pursued at night, in small boats that hid during the day in small channels adjacent to the Yangtze River. In Myanmar, electrofishing is used illegally for commercial fishing on the Ayeyarwady River, reportedly with wide-ranging impacts on fish stocks and bio diversity, including riverine fish and turtles (https:// www. mmtimes. com/ news/ working-save-symbol-humananimal-cooperation. html).
The presence of multiple illegal operators, sometimes working in organized gangs to avoid detection and intimidate enforcement officers, as occurs on the Ayeyarwady River, greatly increases the overall impact on fishery resources and aquatic biodiversity (Smith 2004 , Smith & Tun 2007 , Holland 2015 , http:// news. nationalgeographic. com/ news/ 2015/ 02/ 150217-irrawaddy-dolphins-myanmar-electro-fishingmandalay/).
Behavioral impacts on freshwater cetaceans
Interactions between fishermen and dolphins are likely because freshwater cetaceans generally feed in relatively confined and specific areas (e.g. deep pools, eddies, confluences) that are also prime fishing grounds exploited by fishermen using nets and lines as well as electricity.
In addition to prey depletion, reports from the Ayeyarwady River suggest that electrofishing and associated activities by gangs of fishermen in motorized vessels have disrupted the traditional mutualistic fishing relationship between humans and Irrawaddy dolphins ). In this relationship, the dolphins, upon receiving an acoustic signal from net-fishermen in non-motorized boats, approached the boats and assisted the fishing operation by herding fish toward the nets (Smith & Tun 2007) . Already by the mid-2000s, the dolphins reportedly had begun to stay away from certain areas to avoid being shocked (Smith & Tun 2007) , and more recent observations (in 2012 and 2014) indicate that they rarely approach oar-powered boats to engage in 'cooperative' fishing (Holland 2015 , https://www.marinemammalscience.org/letters/letter-to-myanmar-officials-regarding-irrawaddy-dolphins/).
Anecdotal evidence suggests that electro-fishermen have taken advantage of the normal fish-herding behavior of dolphins in the Ayeyarwady by signaling to the dolphins using acoustic means, similar to the cooperative cast-net fishermen (see Smith et al. 2009 ), so that they can deploy their electrical gear near the dolphins to catch more fish (A. M. Chit pers. comm.). Exploiting what used to function as mutually beneficial interspecies signaling, the electro-fishermen might switch off the electrical current as dolphins move into an area (generally an indication of fish presence) and then turn it back on to stun the fish that try to escape ahead of the approaching dolphins. This situation could put dolphins in close proximity to electrodes as the electrical current is activated, a situation that could lead to injury or even death of the dolphins (Myanmar Times 6−12 August 2012 https:// www. mmtimes. com/ national-news/ mandalay-uppermyanmar/ 239-battery-fishing-rise-threatens-uniquedolphin-cooperation. html).
In some circumstances, Mahakam river dolphins appear to co-exist with electrofishing operations and approach the boats and gear without apparent harm. On several occasions, one of the authors (D. Kreb) observed dolphins as close as 15 m to a boat that was actively electrofishing. The dolphins showed no obvious reaction but appeared to be eating fish that had been stunned or escaped from the electrical field.
Pathology and diagnosis of electrofishing as cause of death of freshwater cetaceans
It is widely assumed, implied, or asserted in the literature that exposure to electrofishing can electrocute or stun freshwater cetaceans. In the river-by-river review below, we consider scientific and popular accounts that cite electrofishing as a possible or known cause of death of cetaceans. 'During the past 3 years, violent gangs of fishermen have been stalking the Irrawaddy. Their more sophisticated technique is to thread copper wires through trawling nets, and then connect the wires to banks of car batteries and high-voltage transformers. The heavy doses of electricity sent into the river by this method stun a whole lot more fish.'
Holland (2015) Mahakam
Orcaella brevirostris
Illegal: Indonesia The metal pole and net fixed to it have a cable attached to a battery (or batteries) or generator. These are attached to a wooden pole that is hand-held off the front of the boat and used to scoop electrocuted fish out of the water. Simple battery operated gear uses a pole with an anode in one hand with the fishing net deployed with the other hand to scoop out fish. A recent gear innovation is to attach a scooping net on 2 wooden poles sticking out in front of the boat that has an electric current going through the net itself. The wooden poles are manually lowered into the water and pulled up again thereby effectively scooping small river fish along the river banks. The target fish species is also known prey for the dolphins. Batteries (DC-battery with between 12−60 A, 12−24 V) and generators (AC 400−900 W, 220 V, and DC 12 V 8.3 Amp) are used as power sources. The equipment is used to stun fish in the open water of the river, swamp or lake and is reported to be effective from 1.5−3 m with battery power and, depending on the depth, up to 10−15 m with a generator (with a smaller range in deeper waters). Kreb et al. (2007 Kreb et al. ( , 2010 , D. Kreb pers. obs.
Mekong
Orcaella brevirostris
Illegal: Cambodia, Laos 'Two types of electro fishing [gear] used:
(1) considered as small scale, conducted by 1−2 people per outfit, with or without a boat. Fishermen put the electric shocker in the water manually (local people call this method 'hot electrofishing'), (2) conducted by 2−3 people with 1−2 boats, the electric shocker cables are lowered in the water column from one boat which moves on gradually and the electric shocker is active continuously. The other boat follows behind collecting the fish (local people call this method 'cool electro fishing'). Cool electrofishing could kill dolphins.' Phen & Nam (2011, p. 34) Fishermen used DC current from a boat that 'was effective for fish capture for 25−30 m' and when carried on the back was effective for 2−3 m.
Mekong River Guards (informal interview)
Batteries for electrofishing devices are often 'dual-purposed' to light homes and power televisions in a region where there is no rural electrification. Community and local official attributions of electrofishing as the source of dolphin mortality due to lack of evidence for other causes and sightings of electrofishing in areas used by dolphins.
Kurien (2007) G. Ryan and S. Phay pers. comm. 
Lipotes vexillifer
Illegal: China 'In recent years the use of electric fishing gear has been increasing. Such gear is composed of a storage battery and transformer which are carried by a small boat. A high voltage is produced between an electrode lowered from the boat and another one set in the river during operation. Electric fishing gear indiscriminately destroys fisheries resources and is therefore strictly banned by the fishery agency. However, the small boats that carry this type of gear hide during the day in small channels along the Yangtze River, and operate at night.' Zhou et al. (1998, p. 128) 'The primary factor responsible for the baiji's extinction was probably unsustainable incidental by-catch in local fisheries, primarily from illegal methods such as 'rollinghook' long-lines and possibly electro-fishing (Zhou & Wang 1994; Zhang et al. 2003) , which involves towing an electrified (>300 volt) metal-framed net behind a fishing boat at night in the main river channel and other major water bodies.' Turvey et al. (2013, p. 353) 'There are not only big gangs of electrofishing, individual fisherman also use this method to catch fish. They will first use a pump to lower the water level and chase fishes into smaller area; then put electric charges into the river; finally collect the floated big fishes to ship to the market and left the others on the ground.'
http://yangtzefinlessporpoise.
weebly. com/ index.htm A web article reported that 12 dead finless porpoises found during an extremely lowwater period from 3 March−15 April 2012 at or near Dongting Lake, the second largest lake in China, at least one of which had fish in its mouth at the time of death, had 'died from electrofishing.' The article stated that some of the porpoises died directly from electrical shock while others 'fainted' from the shock and then died 'from drowning'.
weebly. com/ Indus
Platanista gangetica minor
Illegal: Pakistan Electrofishing is an emerging threat to the Indus dolphins as we collected 6 carcasses of the dolphins last year (2017) from the upstream Guddu Barrage. When we investigated the mortality and interviewed nearby inhabitants they said the carcasses were believed to have died from electric shock. The local fishermen also said that the electrofishers were not the fishermen, they were the criminals, who had been hidden in the thick riverine forest since more than a year and used 12 V 160 A batteries or electric generators to catch the maximum fish in no time.
More recent field investigations in 2018 revealed that local fishermen are also involved in electrofishing, working in groups in shallow pools and lakes upstream of the Guddu & Sukkur Barrages. The dolphins enter these lakes due to the abundance of fish, but in low flow most of the lakes and water bodies become cut off from the mainstream and the dolphins become trapped. The shallow water and abundant fish also attract the fishermen who use the powerful AC generators to fish in these lakes.
M. I. Malik pers. obs. Kulsi River: 'Chemical poisoning, dynamiting, electro-fishing, etc., become very popular but destructive for aquatic ecosystem including fishes against the discussed traditional methods.' Islam et al. (2013, p. 291) Upper Ganga River system of Central Himalaya, India: 'electric wire is connected to the main power on an electric pole or sometimes connected to the portable generator. Wire is then passed along the river bank and is connected with naked wire dipped in the stream water. As the current is passed to the stream, electric field is developed up to certain distance in the stream. In the region of electric field all the fishes (fry, fingerlings, juvenile and brooder) either get killed or paralyzed; floating to the water surface and easy to catch with hands. Fishes which normally escape netting by hiding under the rocks are caught easily using electric current. Many precautions are needed for applying the electric current.' Singh & Agarwal (2014, p. 201) Nepal: 'We can usually see use of 'traditional' type of electric fishing in Nepal. We have seen it often in the field during our survey times. It is more common in the Sapta Koshi and Karnali rivers than in Narayani river systems. All these river systems currently have river dolphin populations. I don't think there are record of incidents due to electric fishing. We have only fisheries bycatch.'
GangesBrahmaputra
S. Paudel pers. comm. 39: 207-220, 2019 As with most cetacean deaths other than those caused by deliberate hunting or fishery bycatch (at least when the animal is found in the gear), the cause of death of freshwater cetaceans usually has to be determined from examining tissues obtained from carcasses. Death by electricity is often invoked as the cause when carcasses are unmarked or bear little external or internal evidence of fishery interaction, disease, or trauma (Zhou et al. 1998) . Cause of death has been attributed to electrofishing for Yangtze finless porpoises, baijis, Indus River dolphins (bhulans), and Irrawaddy dolphins in the Mahakam, Mekong, and Ayeyarwady rivers (Table 1) .
Conclusively identifying electric shock as a cause of death is difficult, and the absence of signs caused by other factors such as net entanglements or propeller wounds does not necessarily imply electric shock as the cause of death. In humans, electrocution is identified by histological detection of damage to cardiac muscle and, in cases of severe electric shock (e.g. lightning strike), burning of surface tissue (Wright & Davis 1980 , Fineschi et al. 2006 . Ideally, a sample of fresh cardiac muscle tissue is available that can be fixed in formalin and examined histologically to detect characteristic lesions of cardiomyopathy. However, it is rare to recover carcasses of freshwater cetaceans, and even more rare for someone to recover samples within 24 h of death and fix them in formalin for histological examination. Table 1 provides the details of reports of electrofishing and operational interactions with freshwater cetaceans in the rivers of Asia.
River-by-river reports
Yangtze River
Yangtze River finless porpoises. Reports of electrofishing as the possible cause of death of cetaceans come most frequently from China and involve Yangtze finless porpoises and baijis in the Yangtze River. The most commonly reported sources of mortality of finless porpoises in the Yangtze are boat strikes and entanglement in fishing gear.
The most recent reports of finless porpoise mortality from electrofishing and other illegal fishing activities come from the 2 large lakes (Poyang and Dongting lakes) adjoining the Yangtze River (Fig. 1) . Mei et. al. (2019) reported that of the 29 out of 60 dead porpoises collected from 2008 to 2013 from Poyang Lake (the largest lake in China) for which cause of death could be determined, 11 (37.9%) were killed directly by illegal fishing (1 by rolling hooks, 3 by set nets, and 7 by electrofishing gear) and only 1 was killed by a propeller strike. In 2009 during a low-water period at Poyang Lake, several porpoises were found that had been injured or killed by entanglement in fixed stake nets (http:// english. ihb. cas. cn/ rh/ rp/ 201003/ t20100319_51725. html).
The cause of death was determined for 7 out of 22 dead porpoises collected from 2008 to 2012 in Dongting Lake: 4 were killed by illegal fishing (2 by electrofishing, 1 by rolling hooks, and 1 by set nets) and 3 were killed by propeller strikes. In addition to risks posed by illegal fishing gear and methods, the finless porpoises in the lakes adjoining the Yangtze River are exposed to other threats, including toxic pollution and disturbance from sand mining and dredging activities . There was concern that the increasing use of both stake nets and electrofishing during times of low water would increase the risk of injury to the porpoises.
In a personal communication to F. M. D. Gulland (10 July 2017), Dr. Zheng Jinsong of the Institute of Hydrobiology, Chinese Academy of Sciences, noted that electrofishing was inferred to be the cause of death for Yangtze finless porpoises by ruling out other possible causes, such as boat impact or propeller wounds, entanglement in fishing gear, disease, or starvation, and on the basis of the presence of electrofishing in the area. Usually, the carcasses for which electrocution was assigned as the cause of death were intact without any obvious trauma or wounds, although sometimes there were lesions such as blood spots in the blubber, signs of 'sclerosis' of the heart (distended blood vessels), symptoms of asphyxiation in the lungs, and intact prey fish in the forestomach, all supportive of a diagnosis of sudden death due to electrocution. For example, investigators concluded that an adult female finless porpoise that stranded with no obvious evidence of external or internal trauma, appeared to be in good health, and had fed just prior to death, was most likely killed by electrofishing (Turvey 2009 , https:// www. edge of existence. org/ blog/ what-is-killing-finless-porpoisesin-the-yangtze/).
Baijis. Electrofishing has been widely cited as a contributing factor in the decline and extinction of the baiji (Chen & Liu 1992 , Turvey et al. 2007 , although mortality caused by rolling hook longlines, gillnets, fish traps, boat propellers, and explosives was more conclusively documented (Perrin & Brownell 1989 , Zhou & Zhang 1991 . Death from electrofishing was usually inferred from a lack of external marks or internal injuries on carcasseswhen animals were found dead with no observed lesions, electrofishing was often judged to be the most probable cause of death. The most direct statement related to the baiji comes from the 1980s, when Chen & Hua (1989, p. 84 ) stated, 'In some cases, the electro fishing teams are formed by several electrofishing vessels cooperating with small boats. One dolphin was killed in February 1981 near Paizhou in this way. ' The limited information on causes of baiji deaths, summarized below, suggests that the overall contribution of electrofishing to the species' demise is less certain than is sometimes implied or stated in the literature.
In the middle reaches of the Yangtze, 15 of 28 recorded baiji deaths from 1973 to 1983 were caused by rolling hook longlines (Zhou & Wang 1994) . Of 31 baiji carcasses from the lower Yangtze examined to determine cause of death between 1978 and 1985, 13 were entangled in rolling hook longlines or caught in nets, 6 were killed by illegal fishing with explosives, 10 were struck by propellers, 1 was trapped in a sluice gate, and 1 was simply reported as stranded (Zhou & Li 1989) . Of 13 carcasses from the lower Yangtze examined between 1989 and 1996, 3 were found entangled with hooks, 1 bore propeller wounds, and 4 had no evidence of entanglement in nets or rolling hook longlines (Zhou et al. 1998, p. 128 ). In the absence of an obvious cause, Zhou et al. (1998) concluded that these last 4 were 'possibly killed by shocks of electric fishing,' which reportedly was increasing on the river at the time. In a sample of 12 baiji carcasses examined between 1990 and 1999 (apparently distinct from those reported by Zhou et al. 1998 ), a cause of death was given for 10, of which 4 were said to have died from electrocution (Zhang et al. 2003 ). This appears to be the source of the con clusion that electrofishing accounted for 40% of baiji deaths in the 1990s and was 'apparently the biggest threat to baiji survival' (Turvey 2008, p. 39) . While the possibility of deaths from electrofishing cannot be discounted, little or no direct evidence was provided to substantiate these cause-of-death determinations (Wang et al. 2006 .
The reports on the 2 species (baiji and finless porpoise) from the Yangtze River suggest 2 possible scenarios in which electrocution of cetaceans could occur: (1) the animals are entrapped by declining water levels in segments of a lake or side-channel of the river, and (2) the dolphins or porpoises are corralled, intentionally or un in tention ally, by multiple electro fishing boats working together. The entrapped or encircled animals might then be ex po sed to electric shock at close proximity as the fishermen seek to stun the fish near them (Lin et al. 1985 , Chen & Hua 1989 , Zhou & Li 1989 , Zhou & Wang 1994 , Zhou et al. 1998 , Zhang et al. 2003 .
Indus River dolphins
Electrofishing is regarded as an emerging threat in Pakistan. Six dolphin carcasses (4 males, 2 females) were collected between 10 October and 12 December 2017 from an area 5−10 km upstream of the Guddu Barrage (M. I. Malik unpubl. data). Nearby villagers who were interviewed said they believed that the animals had died from electric shock in the vicinity of electrofishing conducted by criminals operating out of the thick riparian forest. More recent field investigations in 2018 revealed that local fishermen are also involved in electrofishing, working in groups in shallow pools and lakes upstream of the Guddu and Sukkur barrages where they might encounter dolphins (M. I. Malik unpubl. data). 
Ganges River dolphins
Electrofishing is practiced in various forms in the Ganges River (see Table 1 ) but we have found no reports of Ganges River dolphins being affected.
Irrawaddy dolphins in the Mahakam River
Fishermen in the Mahakam River reported 2 deaths of Irrawaddy dolphins suspected to have resulted from electric shock, one in 2003 (Kreb et al. 2007 ) and one in 2008 (Kreb et al. 2010) . On the first occasion, a dead juvenile dolphin was seen floating with a blue bruise on its head after it came in contact with an electrofishing boat. On the second occasion, some people were observed fishing with high-voltage AC generators in small pools and channels of the upstream section of the Mahakam. They were deliberately chasing and harassing dolphins, and not long afterward, a fisherman observed a dead calf floating downstream. According to his statement, the dead calf's belly was blue.
In the first instance, the dolphin apparently came in direct contact with the electrodes of the electrofishing apparatus and was electrocuted. The second of these reports suggests that in the small pools and channels of the upper Mahakam it is more difficult for dolphins to avoid the fishing activity than it is in broader downstream reaches. D. Kreb has also observed dolphins approaching and then moving away from electrofishing operations without harm, indicating that proximity alone does not necessarily lead to death or injury (Fig. 2) .
Irrawaddy dolphins in the Ayeyarwady River
Electrofishing has been mentioned repeatedly as a cause of dolphin mortality in the Ayeyarwady River, and some recent observations were mentioned above. Smith & Tun (2007) cited electrocution as a direct threat, but provided few details. On 4 December 2014, 2 dead young dolphins (male and female) were found on the same day in a protected stretch of the river north of Mandalay with no sign of entanglement and 'no sign of toxics.' According to a journalist (Holland 2015) , sources he interviewed stated that necropsies showed the dolphins to have been victims of electrofishing. This report, like so many that cite electrocution as the cause of death of freshwater cetaceans, has proven impossible to validate.
Irrawaddy dolphins in the Mekong River
Electrofishing has been reported and considered as a possible cause of death for Irrawaddy dolphins in the Mekong River. It is reported as a widespread and common practice within and around dolphin habitat (Phen & Nam 2011) and has been the subject of significant enforcement efforts. From October 2013 to May 2017, river guards aggressively enforced the ban on electrofishing, with 53 cases of interdiction and confiscation of electroshock units (including inverters, batteries, and wires) (S. Keo pers. comm.). This enforcement effort was centered on what are called core dolphin areas and buffer zones. The river guards encountered electrofishing during day and night, but mostly at night. Electro-fishermen were said to fish from motorboats in mid-stream, not along the shore.
Carcass recovery and investigations of the causes of dolphin mortality have been carried out in the Mekong in southern Laos and Cambodia since the early to mid 1990s (Baird & Mounsouphom 1994 , 1997 , Gilbert & Beasley 2005 , WWF & FiA 2014 , 2017 . The presence of external net marks with no internal lesions and full stomachs is almost always interpreted to indicate gillnet entanglement as the cause of death. Although electrofishing has never been demonstrated as having a role in the death of dolphins in the Mekong River, the appearance of un marked carcasses (often neonates or very young calves) that lack evidence of net entanglement or other wounding has led to speculation that electrofishing is a source of mortality (G. Ryan and S. Phay pers. obs.). Since 2012 there has been an effort (led by WWF-Cambodia) to secure and perform necropsies on the carcasses of these young dolphins. Roughly 20% ex hibit internal evidence of blunt trauma that, while still poorly documented, may be the result of intra specific interactions in which adult dolphins rush at and hit calves, sometimes throwing them out of the water; at least some of these interactions occur at or near the time of birth (WWF & FiA 2017) . Until other possible causes such as infectious diseases and toxicosis have not been ruled out, death from electrofishing interaction is not indicated for these young animals.
CONCLUSIONS
While we do not have any information on the electrical power required to injure or kill a dolphin or porpoise, or how closely an animal would have to approach an electrical field to be injured or killed, the general factors of increasing impact of electricity on organisms of larger body size, mammalian susceptibility to respiratory and cardiac impacts from electrical currents, and decreased electrical resistance of the hairless, poorly keratinized cetacean skin in water, all suggest that freshwater cetaceans are at risk of injury or death if they come in close enough contact with electrical fields. The reporting of illegal electrofishing, confiscation of gear, and anecdotal reports of carcasses with no external evidence of trauma from nets or lines or vessel strike all support the concern that electrofishing poses a threat to endangered cetacean populations.
Unlike electric whaling, electrofishing techniques are usually designed to stun fish as they encounter electrical fields, not to electrocute the fish by direct contact with electrodes. We have found no evidence of intentional electrocution of dolphins or porpoises by fishermen in the rivers of Asia and are unaware of any incentive for such a practice to evolve (but see Robards & Reeves [2011] for discussion of how the consumption of marine mammals, and in turn their deliberate capture, has arisen out of other types of bycatch mortality).
Whether, and under what conditions, free-swimming dolphins or porpoises would move into the vicinity of electrofishing operations that could harm or kill them and how close they would have to come to be harmed remain open questions. The evidence cited above, that cetaceans can detect low-level electrical fields and that pinnipeds and other aquatic mammals are deterred by them, suggests that free-swimming freshwater cetaceans could detect and avoid such fields as long as they recognize the danger. This capability of detection and avoidance would depend on how the electrofishing equipment is deployed in the vicinity of cetaceans: whether the electric current is on continuously, turned on and off to conserve energy, or deployed in a manner to optimize the number of fish killed or stunned. It also may depend on the earlier experiences of the cetaceans swimming close to electrical fields -a novel experience could arouse curiosity, particularly in young animals, inducing them to swim closer to investigate. The few observations that we have to go on suggest the following scenarios where cetaceans might be put at risk: (1) entrapment in shallow water or restricted river or lake areas (resulting from drought, or the intentional draining or enclosure of water bodies to entrap fish) and subsequent inability to move away from electrofishing activities (e.g. Yangtze finless porpoises); (2) encounters between cetaceans and electrofishing activities in naturally restricted river reaches such as shallow upstream areas and narrow tributaries where it is difficult to move away from the electrical charges in the water (e.g. Mahakam and Indus dolphins); (3) incidental or deliberate corralling of cetaceans into the proximity of electrofishing apparatus by multiple fishing boats working together (e.g. baijis and Ayeyarwady and Mahakham dolphins); (4) appropriation by electrofishermen of the mutualistic behavioral cues used by dolphins and throw-net fishermen ('coopera tive fishing') to get near fish concentrations (e.g. Ayeyarwady dolphins); (5) intentionally leaving electrofishing gear switched off and allowing cetaceans to approach an area while chasing fish, then turning the current back on when the cetaceans are inside the 'effective' danger zone to stun the fish herded in by the dolphins (e.g. Ayeyarwady dolphins); and (6) attraction of cetaceans to fish that have been immobilized by electrofishing activities (e.g. Mahakam dolphins).
Except possibly in the case of Ayeyarwady thrownet fishermen exploiting the mutualistic relationship between them and dolphins, and the single reported case of harassment in the Mahakam, we found no Photo credit: D. Kreb,Yayasan Rasi evidence of people intentionally drawing cetaceans into the proximity of electrofishing operations in order to capture, kill, or harass them. Mortality of cetaceans from exposure to electrofishing appears to be uncommon, but this must be considered in the context of populations with fewer than 100 individuals in several river systems (Irrawaddy dolphins in the Mahakam, Mekong, and Ayeyarwady rivers) or that are surrounded by human activity and subject to numerous threats (finless porpoises in the Yangtze River). Diagnosis of cause of death for stranded cetaceans is generally difficult, but particularly so for determining death by electrocution (or electrically induced paralysis and subsequent drowning). Fresh carcasses suitable for histological examination of tissues, and collection and formalin fixation of heart and lung tissue are needed, but in most circumstances, there is little or no local expertise in field necropsy techniques.
This review indicates a need for further assessment of electrofishing practices and of when and how such fishing might threaten freshwater cetaceans. Knowing more about the nature of interactions between the animals and the operations, the ability of cetaceans to detect and respond to electrical currents, the impact on immersed mammals of the electrical fields produced by electrofishing, and diagnostic histology on tissues from dead animals would enable improved assessment of the implications for conservation. We acknowledge, however, that pursuing research on the effects of electrical currents on cetaceans and their ability to detect currents is ethically and logistically challenging, and thus not a recommended avenue to pursue. Rather, efforts should focus on obtaining fresh carcasses to determine cause of death through histological examination of fresh tissues fixed in formalin, as this will also enhance detection of other threats.
